Intrinsically photosensitive retinal ganglion cells (ipRGCs) express the photopigment melanopsin and regulate a wide array of lightdependent physiological processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Genetic ablation of ipRGCs eliminates circadian photoentrainment and severely disrupts the pupillary light reflex (PLR) 12, 13 . Here we show that ipRGCs consist of distinct subpopulations that differentially express the Brn3b transcription factor, and can be functionally distinguished. Brn3b-negative M1 ipRGCs innervate the suprachiasmatic nucleus (SCN) of the hypothalamus, whereas Brn3b-positive ipRGCs innervate all other known brain targets, including the olivary pretectal nucleus. Consistent with these innervation patterns, selective ablation of Brn3b-positive ipRGCs severely disrupts the PLR, but does not impair circadian photoentrainment. Thus, we find that molecularly distinct subpopulations of M1 ipRGCs, which are morphologically and electrophysiologically similar, innervate different brain regions to execute specific light-induced functions.
Intrinsically photosensitive retinal ganglion cells (ipRGCs) express the photopigment melanopsin and regulate a wide array of lightdependent physiological processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Genetic ablation of ipRGCs eliminates circadian photoentrainment and severely disrupts the pupillary light reflex (PLR) 12, 13 . Here we show that ipRGCs consist of distinct subpopulations that differentially express the Brn3b transcription factor, and can be functionally distinguished. Brn3b-negative M1 ipRGCs innervate the suprachiasmatic nucleus (SCN) of the hypothalamus, whereas Brn3b-positive ipRGCs innervate all other known brain targets, including the olivary pretectal nucleus. Consistent with these innervation patterns, selective ablation of Brn3b-positive ipRGCs severely disrupts the PLR, but does not impair circadian photoentrainment. Thus, we find that molecularly distinct subpopulations of M1 ipRGCs, which are morphologically and electrophysiologically similar, innervate different brain regions to execute specific light-induced functions.
In addition to rod and cone photoreceptors, the retina contains a small subset of ipRGCs that express the photopigment melanopsin 1, 9 . ipRGCs project to the suprachiasmatic nucleus (SCN) and the olivary pretectal nucleus (OPN), regions in the brain that control circadian rhythms and the pupillary light reflex (PLR), respectively. In the absence of the melanopsin protein (Opn4), ipRGCs lose their intrinsic photosensitivity 7 , but still innervate the correct brain regions 7 and convey rod/cone input 7, 14, 15 to drive non-image-forming visual functions 7, 16 . Recent studies have shown that ipRGCs are not uniform and can be further subdivided into distinct subtypes based on their morphology, electrophysiology and discrete brain targets 2, 17 . M1 ipRGCs can be readily distinguished from other ipRGC subtypes (herein referred to as non-M1 ipRGCs) because they are the only subtype with exclusive dendritic stratification in the OFF sublamina of the inner plexiform layer (IPL) in the retina 18, 19 . The prevailing view is that M1 ipRGCs are a homogeneous population that send collateral axonal branches to two relay nuclei, the SCN and OPN, to drive circadian photoentrainment and PLR 20 . Genetic ablation of ipRGCs by diphtheria toxin (in Opn4 aDTA mice) eliminates circadian photoentrainment and disrupts PLR 12 . Here we surprisingly found that M1 ipRGCs are not a uniform population, but consist of functionally distinct subpopulations defined by their expression of the POU domain transcription factor, Brn3b.
Previously, we showed that Brn3b (also known as Pou4f2) mutant mice, which lack 80% of RGCs, have pronounced deficits in PLR, but are still capable of weak photoentrainment 21 . These findings raise the possibility that the remaining Brn3b-negative M1 ipRGCs selectively mediate photoentrainment. To determine the extent of Brn3b expression in the M1 ipRGC population, we performed anti-Brn3b immunohistochemistry on retinas from Opn4 tau-lacZ mice, together with X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactoside) staining that labels only M1 ipRGCs 21 . A fraction of b-galactosidase-positive RGCs stained for Brn3b in the adult retina ( Fig. 1a) .
To determine the projections of Brn3b-positive ipRGCs, we mated mice in which an inducible Cre recombinase is driven by the melanopsin promoter (Opn4 CreERT2/1 ) to mice having either a ubiquitous Credependent alkaline phosphatase (AP) reporter (Rosa26-IAP) 22 or a conditional Brn3b knock-in (Brn3b CKOAP/1 ) 21 in which Cre recombination causes the alkaline phosphatase coding region to be expressed by the Brn3b promoter ( Supplementary Fig. 1 ). Tamoxifen injections in Opn4 CreERT2/1 ; R26 IAP/1 animals result in labelling of M1 and non-M1 ipRGCs by alkaline phosphatase histochemistry ( Fig. 1c ), but only of Brn3b-expressing ipRGCs in Opn4 CreERT2/1 ; Brn3b CKOAP/1 animals ( Fig. 1b and Supplementary Table 1 ). Alkaline phosphatase labelling of Brn3-positive ipRGCs allowed us to analyse the dendritic arborizations and central projections of these cells, independently of Brn3bnegative ipRGCs ( Fig. 1b , d-f). Many Brn3b-positive ipRGCs had dendrites arborizing in the ON sublamina of the IPL similar to previous observations for non-M1 ipRGCs 2, 18, 20, 23 . This indicates that Brn3b expression is not just restricted to M1 ipRGCs, but is also expressed in non-M1 ipRGCs ( Fig. 1b ). Comparing the labelling of Brn3bpositive M1 and non-M1 ipRGCs with all ipRGC subtypes, we find that most brain targets of ipRGCs show similar patterns of innervation ( Fig. 1d -i). In particular, the OPN is innervated fully in both cases ( Fig. 1f , i). However, a notable difference is found in the SCN; in the Opn4 CreERT2/1 ; R26 IAP/1 mice, the SCN was completely innervated by alkaline-phosphatase-positive ipRGC fibres ( Fig. 1g ) similarly to previous studies 2 . In contrast, in the Opn4 CreERT2/1 ; Brn3b CKOAP/1 mice, the SCN was sparsely innervated by Brn3b-positive ipRGCs ( Fig. 1d) , with the medial regions of the SCN completely devoid of innervation ( Fig. 1d ). We further confirmed that the diminished SCN innervation is not due to the use of the inducible Opn4 CreERT2 line, because crossing the Opn4 Cre line 2 with the Brn3b knock-in allele (Opn4 Cre ; Brn3b CKOAP/1 animals) also results in reduced SCN innervation ( Supplementary Fig. 2 ). Thus, ipRGCs can be separated into two subpopulations based on their Brn3b expression and connectivity.
To label the central projection of Brn3b-negative ipRGCs and determine the physiological functions of both Brn3b-negative and Brn3bpositive ipRGCs, we specifically eliminated cells that co-express melanopsin and Brn3b by crossing Opn4 Cre and Brn3b Z-dta lines (Supplementary Table 1 ). The Brn3b Z-dta knock-in line 24 expresses diphtheria toxin A subunit (DTA) from the endogenous Brn3b gene promoter ( Supplementary Fig. 1 ) only in the presence of Cre 25 . Thus, in Opn4 Cre/1 ; Brn3b Z-dta/1 mice, Brn3b-expressing ipRGCs are ablated, whereas Brn3b-negative ipRGCs and conventional (melanopsin negative) RGCs are left intact ( Supplementary Fig. 3 ). Using melanopsin immunofluorescence that only reveals M1 ipRGCs in Opn4 Cre/1 ; Brn3b Z-dta/1 retinas, we observed less than 200 surviving M1 ipRGCs ( Fig. 2a, b ). To determine the extent of ablation of all ipRGCs in the Opn4 Cre/1 ; Brn3b Z-dta/1 mice, we generated triple heterozygous Opn4 Cre/1 ; Brn3b Z-dta/1 ; Z/AP mice (Supplementary Table 1 ). Alkaline phosphatase labelling in the Opn4 Cre/1 ; Z/AP mice reveals all M1 and non-M1 ipRGCs (,2,000 cells) 2 . Using alkaline phosphatase histochemistry in the triple heterozygous mice, we observed similar numbers of surviving ipRGCs as with melanopsin immunofluorescence (Fig. 2a ). These results show that all non-M1 cells are ablated and that the surviving 10% (200 out of 2,000) of total ipRGCs are Brn3b-negative and predominantly belong to the M1 subtype.
To assess the central projections of these surviving M1 Brn3bnegative ipRGCs, we crossed Opn4 Cre/1 ; Brn3b Z-dta/1 mice with the either the Opn4 tau-LacZ reporter 19, 20 or Z/AP reporter 26 . Although only 200 M1 ipRGCs remained in the Opn4 Cre/tau-LacZ ; Brn3b Z-dta/1 or Opn4 Cre/1 ; Brn3b Z-dta/1 ; Z/AP mice, we observed that their fibres completely innervated the SCN at levels comparable to those observed in the control groups ( Fig. 2c ). However, innervation of the intergeniculate leaflet (IGL) was highly attenuated ( Fig. 2d ) and OPN projections were completely abolished ( Fig. 2e ). Interestingly, the shell of the OPN showed no fibres in the Opn4 Cre/tau-LacZ ; Brn3b Z-dta/1 compared to control mice ( Fig. 2e ). Given that both the SCN and OPN shell are innervated by M1 ipRGCs 5, 20 , differential labelling of these ipRGC targets in Opn4 Cre/tau-LacZ ; Brn3b Z-dta/1 mice shows that the M1 subtype of ipRGCs is not a uniform population. To ensure that RGCs that are not intrinsically photosensitive are intact in the Opn4 Cre/1 ; Brn3b Z-dta/1 mice, we used cholera toxin injection in the eye to label all RGC fibres in the brain anterogradely. RGCs innervated the dorsal and ventral lateral geniculate nuclei (dLGN and vLGN) normally in these mice (Fig. 2f ). This is further supported by the similar visual acuity measured in Opn4 Cre/1 ; Brn3b Z-dta/1 and wild-type mice (Fig. 2g) .
Given that ipRGC projections to the OPN are lost, but SCN projections are largely intact, the Opn4 Cre/1 ; Brn3b Z-dta/1 mice allow the relative contributions of Brn3b-negative ipRGCs to the pupillary light reflex (PLR) and circadian light responses to be determined. We first measured PLR in Opn4 Cre/1 ; Brn3b Z-dta/1 mice at two light intensities in the middle of the day (zeitgeber time 8, ZT8). The pupil of wild-type mice is 95.61% constricted under high light intensity and 79.47% under low light intensity (Fig. 3a, c) . In contrast, Opn4 Cre/1 ; Brn3b Z-dta/1 mice showed a highly attenuated PLR at ZT8 under high and low light intensities (Fig. 3b, c) . This phenotype is remarkably similar to the PLR deficits observed in Opn4 aDTA/aDTA homozygous animals 12 . We further investigated the PLR in the middle of the night (ZT20), and found that Opn4 Cre/1 ; Brn3b Z-dta/1 animals have no pupillary constriction to high or low light stimulations (Supplementary Fig. 4 and Supplementary Text). The residual PLR response at ZT8 in Opn4 aDTA/aDTA and Opn4 Cre/1 ; Brn3b Z-dta/1 mice suggests that other melanopsin-negative RGCs contribute to this reflex. One candidate population could be Brn3a-positive RGCs, which project to the OPN 21 .
We then asked whether the surviving M1 ipRGCs that innervate the SCN in Opn4 Cre/1 ; Brn3b Z-dta/1 mice are sufficient to drive circadian photoentrainment. Strikingly, we found that Opn4 Cre/1 ; Brn3b Z-dta/1 mice are able to photoentrain as well as controls under normal 24-h light dark cycles or skeleton photoperiods (Fig. 4a, c, Supplementary  Figs 5 and 6 and Supplementary Text). In addition, they can readjust to a 'jet lag' light-dark cycle paradigm with advanced and delayed dark onsets (Fig. 4a ). We also observed no difference in activity during the dark phase of the ultradian 16 3.5:3.5 light/dark (LD) cycle (Fig. 4b, d However, Opn4 cre/1 ; Brn3b Z-dta/1 mice show a minor deficit in period lengthening under constant light conditions (Fig. 4f ). Because period lengthening is positively correlated with light intensity, attenuated projections to the IGL in Opn4 Cre/1 ; Brn3b Z-dta/1 mice could underlie this difference.
Here we show that, although M1 ipRGCs have homogeneous morphological and electrophysiological characteristics, they consist of at least two different subpopulations, which can be discriminated by expression of the Brn3b transcription factor (Fig. 4g ). The two M1 subpopulations have distinct brain targets and are involved in different non-image forming visual functions. Using precise molecular genetic tools to ablate Brn3b-expressing ipRGCs, we disrupted the pupillary light reflex but not circadian photoentrainment. Thus, ipRGCs have parallel pathways for controlling non-image forming functions, analogous to the specialized properties of RGCs that mediate imageforming functions 27 .
METHODS SUMMARY
Animals. All experiments were conducted in accordance with NIH guidelines and approved institutional animal care and use committees of the Johns Hopkins University. Behavioural analyses. We used previously described behavioural tests 12 that measure visual acuity (optomotor), pupil constriction (PLR), the period of the circadian oscillator (wheel running activity), the adjustment of the circadian clock to different light stimulations (circadian photoentrainment, 'jet lag' paradigms, phase shifting, and skeleton photoperiod) and direct light effects on activity (constant light and ultradian).
Histology. X-gal and alkaline phosphatase histochemistry were performed as described previously 2, 5, 28 . 
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METHODS
Mice. All mice were of a mixed background (BL/6;129SvJ). Littermate male animals that were used in the behavioural analyses were aged between 4 and 12 months. Animals were housed and treated in accordance with NIH and IACUC guidelines, and used protocols approved by the Johns Hopkins University Animal Care and Use Committees. Generation of Opn4 CreERT2 line. To generate Opn4 CreERT2 mice, we used the targeting arms and general strategy detailed in ref.
2. The only difference is that the construct contained a rabbit b-globin intron, CreERT2 recombinase and an IRESLacZ cassette immediately downstream of the start codon for mouse melanopsin. Immunohistochemistry. Mouse retina was fixed as whole eyecup for at least 30 min in 4% paraformaldehyde (PFA) and cryoprotected in 30% sucrose overnight. Retina sections (40 mm) were obtained by cryostat and incubated with blocking solution (0.3% Triton X-100 and 5% normal goat serum in PBS) for 1 h before staining with primary antibody overnight at 4 uC. Sections were washed in 13 PBS three times for 30 min and incubated with secondary antibody at room temperature for 2 h before mounting in vector-shield mounting solution. Images were taken with an Olympus microscope by epifluorescence. The dilution for melanopsin antibody (Advanced Targeting Systems) is 1:1,000.
Tamoxifen injections. The intensity of labelling depends on the amount of tamoxifen injected into animals as well as the efficiency of excision from loxP regions in the reporter mice. Therefore, all intraperitoneal injections of tamoxifen were standardized to label all the identified ipRGC subtypes (M1-M5). In fact, ipRGCs with morphologies characteristic for all identified ipRGC subtypes are observed in the flat mount retinas in Fig. 1b , c. Retina shown in Fig. 1b was from an animal injected with 500 mg tamoxifen at P14 (postnatal day 14). Brains shown in Fig. 1d-f were from an animal injected with 250 mg tamoxifen at P5. For Fig. 1c , g-i, images are from an animal injected with 1 mg tamoxifen at embryonic day 17 (E17). There is no particular reason to injecting tamoxifen at different developmental times. We simply used the alkaline phosphatase staining as a tracing method to reveal ipRGC targets in the brain.
Histology. X-gal staining. Mice were perfused with 15 ml of 4% PFA, the brain was dissected out, cryoprotected in 30% sucrose for 2 days and 50 mm coronal sections were obtained by cryostat. Brain sections were incubated in staining solution with 1 mg ml 21 X-gal for 2 days at room temperature, post-fixed in 4% PFA for 1 h and mounted with glycerol 5 . Alkaline phosphatase (AP) staining. Mice were perfused with 45 ml of 4% PFA, the brain and retina were dissected out. Whole-mount retina was post-fixed for 30 min and 200 mm coronal brain sections were obtained by vibrotome. Both retina and brain sections were heat-inactivated at 65 uC for 90 min and incubated in alkaline phosphatase staining solution. After staining, the sections and retina whole-mount were post-fixed in 4% PFA for overnight and washed with ethanol series before mounting 2, 28 . Cholera toxin injections in the eye. Mice were anaesthetized with avertin. Eyes were injected intravitreally with 2 ml of cholera toxin B subunit conjugated with Alexa Fluor 488 (CTB-488) or Alexa Fluor 594 (CTB 594) (Invitrogen). Three days after injection, brains were isolated, sectioned and mounted. Visual acuity. A virtual cylinder OptoMotry (Cerebral Mechanics) was used to determine visual acuity by measuring the image-tracking reflex of mice. A sinewave grating was projected on the screen rotating in a virtual cylinder. The animal was assessed for a tracking response on stimulation for about 5 s. All acuity thresholds were determined by using the staircase method with 100% contrast. Pupillary light reflex. All animals were kept under 12:12 LD cycle before testing PLR. Before each experiment, all animals were dark-adapted for at least 1 h. While one eye received light stimulation with specific intensity described in the main text from a 470-nm light-emitting-diode light source (Super Bright LEDs), a digital camcorder (DCRHC96; Sony) was used to record from the other eye (for 30 s) at 30 frames per second under a 940-nm light (LDP). The percentage pupil constriction was calculated as the percentage of pupil area at 30 s after initiation of the stimulus (steady state) relative to the dilated pupil size (right before light stimulation). The same group of animals were used for wheel-running activity. The control animals are littermates to the experimental animals (Opn4 Cre/1 ; Brn3b Z-dta/1 ) with either Opn4 Cre/1 ; Brn3b 1/1 or Opn4 1/1 ; Brn3b Z-dta/1 genotypes. Wheel-running activity. Mice were placed in cages with a 4.5-inch running wheel, and their activity was monitored with VitalView software (MiniMitter). The period was calculated with ClockLab (Actimetrics). Mice were initially placed under 12:12 LD cycle for 2 weeks. Animals were then exposed to two ''jet lag'' light paradigms: 10 days of a 6-h advance followed by 10 days of a 6-h delay. After the ''jet lag'' paradigms, mice were kept under constant darkness for 2 weeks followed by 10 days of constant light. Phase-shifting experiments were carried out on the 7th day of constant darkness where each animal was exposed to a 15 min light pulse at CT16 (1,500 lx). Animals were re-entrained to 12:12 LD cycle for 2 weeks before exposing them to ultradian 3.5:3.5 light/dark cycles. The intensity of light for all the light dark cycle were ,1,000 lx. Another set of mice was tested using a skeleton photoperiod, where two 1-h light pulses (800 lx) separated by 10 h of dark were administered.
